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INTERNAL-LIQUID-FILM-COOLING EXPERIMENTS WITH AIR-STREAM TEMPERATURES 
TO 2000? Е IN 2- AND 4-INCH-DIAMETER HORIZONTAL TUBES! 


By GEoRGE К. KINNEY, ANDREW li. ABRAMSON, and Joun L. SLOOP 


SUMMARY 


Ап investigation was conducted to determine the effectiveness 
of liguid-cooling films on the inner surfaces of tubes containing 
flowing hot air. Experiments were made in 2- and 4-tneh- 
diameter straight metal tubes with air flows at temperatures 
from 600° to 2000° F and diameter Reynolds numbers from 
22 to 14X10. The film coolant, water, was injected around 
the circumference at a single axial position on the tubes at flow 
rates from 0.02 to 0.24 pound per second per foot of tube circum- 
ference (0.8 to 12 percent of the air flow). 

Visual observations of liquid-film flows were made in ігапв- 
parent tubes at flow conditions similar to those of the film- 
cooling experiments. The visual experiments were conducted 
with air flows at temperatures of 80° and 800° F and diameter 
Reynolds numbers from 4.1 to 29X10°. Flows of water, 
water-detergent solutions, and aqueous ethylene glycol solutions 
(which varied viscosity and surface tension) were investigated. 

Liquid-coolant films were established and maintained around 
and along the tube wall in cocurrent flow with the hot air. The 
tube wall was kept below the boiling temperature of the coolant 
over the surfaces cotered by liquid coolant; litile additional cool- 
ing of the tube was obtained downstream of the point at which 
all liquid was raporized. Coolant filme were relatirely smooth 
unless the coolant flow was sufficiently high so that the liquid 
film was thick enough to enter the region where turbulent forces 
predominate over mscous forces; wavelike disturbances then 
developed on the liquid flm. These disturbances resulted in 
increased loss of coolant from the film and reduced effectirenesa 
of the coolant. Predictions could be made of the approximate 
highest coolant flow which could be introduced at a single axial 
position in the tubes to form a liquid film without the effective- 
ness of the coolant being reduced by the formation of disturb- 
ances. The results indicated that, in order to film cool a given 
surface area with as little coolant flow as possible, it may be 
necessary to limit the flow of coolant introduced at any single 
axial position and to introduce it at several axial. positions. 

The flow rate of inert coolant required to maintain liquid-film 
cooling over a given area of tube surface can be estimated when 
the gas-flow conditions are known by means of a generalized 
plot of the film-cooling data. 


INTRODUCTION 


Combustion chambers and ducts which are subjected to 
extremely high beat transfer from flowing hot gases may be 
dificult to cool by the conventional method of circulating 


1 Supersedes NACA RM ESOF19, “Internal Film Cooling Experiments in 4-Inch Duct with Gas Temperatures to 2000° F” by George R. KIpney and John L. Sloop, 1950; NACA RM у 


& fluid over the outer surfaces of the walls. Other methods of 


cooling may be used as, for example, sweat cooling, where the - 


duct wall is made of а porous material and the cooling fluid js 
forced through the wall in the opposite direction to the heat flow. 
Another approach is to give the inner surface of the duct 
some form of protection, which prevents most of the heat 
from reaching it. This protection may be in the form of a 
coating or liner of a high-temperature-resistant insulator, or 


the surface may be covered with а layer of cooling fluid. 


which absorbs the heat (internal-film cooling). 
Investigations of sweat cooling with gases flowing through 


porous walls are reported in references 1 to 6, in which theo- . 


retical and experimental data indicate the amount of gaseous 
coolant required to maintain a porous wall at а given tem- 
perature for known gas-stream conditions. The use of 
sweat cooling in applications where the coolant flow must 
be well controlled and must vary throughout the walls to be 
cooled (such as in a rocket engine) has been limited because 


-= . 


of difficulty in fabricating porous walls to meet the require- © 


ments. 
The use of high-temperature-resisting materials to reduce 
the heat flow into rocket-engine walls ts described in references 


land7. This method has been used successfully with rocket 


engines operating for short durations without cooling and 


on other rocket engines to reduce the amount of external | 


cooling required. 

Large reductions in over-all heat transfer to rocket-engine 
walls have been obtained by internal-film cooling with the 
use of relatively small quantities of liquid coolant (references 
8 and 9). Investigations concerned with establishing liquid- 
cooling films for rocket engines are described in references 1 
and 10. Liquids are more effective than gases as internal- 
film coolants because of their higher heat-absorption capacity 
(including heat of vaporization) and because less turbulent 
mixing of the coolant with the hot gas stream occurs with & 
liquid film than with a gas. НН 


A schematic representation of а liquid-cooling film vapor- Е 


izing in an air stream is shown іп figure 1. Heat is ігапѕ- 
ferred from the hot air stream to the coolant film, and, 
simultaneously, mass transfer from the coolant to the air 
occurs as the coolant vaporizes. Experimental investigation 


of the simultaneous transfer of heat and mass has been / E 


limited’ to gas-stream temperatures and Reynolds numbers 


much lower than anticipated for film-cooling applications. - 
Reference 11 gives the results of such experiments with low | 


ES1C13, “Investigation of Annular Liquid Flow with Cocurrent Air Flow in Horizontal Tubes" by George В. Kfnney and Andrew Е. Abramson, 1961; NACA RM E52B20, ‘Internal. 
Film-Cooling Experiments with 2 and 4-Inch &mooth-Burface Tubes and Gas Temperatures to 2000? F” by George R. Kinney, 1952. 
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FioURE 1.—8chematic representation of liquid Alm vaporizing in alr stream. 
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temperatures, and the data are correlated by means of mass- 
transfer equations. With higher gas-stream temperatures 
it becomes difficult to measure liquid surface temperatures 
with sufficient accurücy to correlate experimental data by 
mass-transfer considerations; data of reference 12 on the 
vaporization of liquid drops in air streams to 900° F were 
correlated by heat-transfer equations. 

Because detailed information is needed on the mechanism, 
of internal-liquid-film cooling, an investigation was conducted 
at. the NACA Lewis laboratory with a gasoline-air burner as 
a source of hot gas. The experiments were conducted to: 
(1) study the mechanism of internal-liquid-film cooling; 
(2) determine the effects of coolant flow, gas flow, gas tempera- 
ture, and tube diameter on film-cooled area; and (3) general- 
ize the data in a form convenient for predicting the rate of 
coolant flow required to cool a given area of duct when the 
gas-stream conditions are known. 

The film-cooling experiments were conducted in 2- and 

4-inch-diemeter tubes with air flows at temperatures from _ 
600° to 2000° F and diameter Reynolds numbers from 2.2 to 
14X10*. The coolant, water, was injected at a single axial 
position on the tube at flow rates from 0.02 to 0.24 pound 
per second per foot of tube circumference (0.8 to 12 percent 
of the gas flow). 
£aborafory combustion-air ` Air-temperature . 


supply (42 /b/sq in, gage) pi a 
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was determined by means of thermocouples on the tube 
outer surface. The data were analyzed with heat-transfer 
equations. 

The experiments were limited to gas temperatures up to 
2000? Е for simplification of apparatus and instrumentation. 
Although higher gas temperatures are encountered with most 
practical applications of film cooling, the investigation at ° 
low gas temperatures should provide a foundation for further 


` invesligations with higher gas temperatures and should act 


as a guide for correlating data from various practical 
applications. 

In order to aid in the interpretation of the film-eooling 
data, & visual investigation of the flow characteristics of 
liquid films, such as occur with film cooling, was conducted. 
References 13 and 14 report related investigations of cocur- 
rent liquid-gas flow; however, the relative flow rates were 
nob in the range encountered in film-cooling applications. 
The experiments reported herein were conducted with air 
flows at temperatures of 80° and 800? F and diameter 
Reynolds numbers from 4.1 to 29X105, and liquid flows from 
0.027 to 0.270 pound per second per foot of tube circum- 
ference (0.3 to 21 percent of the air flows). Flows of water, 
water-detergent solutions, and aqueous ethylene glycol solu- 
tions (which varied surface tension and viscosity) were 
investigated. Visual observations were made of the flowing 
Photographs and 
high-speed motion pictures of the flows were obtained. 


APPARATUS 
FLOW SYSTEM 


The flow system (fig. 2) was the samo for all of the experi- , 
ments except for the test sections. It consisted essentially 
of three parts: (1) source of air at a uniform temperature, 
(2) test section, and (3) expansion and exhaust system. The 
air source consisted of the air supply at a pressure of 40 
pounds per square inch gage, a surge chamber, a jet-engine 
combustor, a mixing section containing mixing baffles, and а 
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FIGUBE 2.—Flow system. . 
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calming chamber 12 inches in diameter. “Test sections of 
2- and 4-inch diameter were used. They consisted of an 
Inconel approach section 40 inches long, a coolant injector, 
and а film-cooled or transparent tube 48 inches long. `The 
exhaust section contained & series of water sprays to quench 
hot air; this section was connected to the laboratory exhaust 
system. An expansion bellows installed downstream of the 
exhaust-quenching sprays allowed for expansion of the 
apparatus when the 4-inch-diameter film-cooled tubes were 
used; the 2-inch-diameter film-eooled tube and the trans- 
parent tubes fitted into packed housings to allow for expan- 
sion of the apparatus. 


COOLANT-INJECTION SYSTEM 


The coolant-injection system consisted of a supply reser- 
voir, filters, a positive-displacement pump, adjustable 
pressure regulators (which controlled flow), rotameters, and 
eoolant injectors. 

For most of the film-cooling experiments and all the 
visual-flow experiments, porous-surfsce coolant injectors 
(fig. 3(a)) were used. There were two such injectors of 
similar construction, one for the 2-inch and one for the 4-inch 
test section. They consisted of a metal ring with slots milled 
into the inner surface about the circumference. The 2- and 


4-inch-diameter coolant injectors had 60 and 90 slots, respec- . 


tively. Holes 0.013 inch in diameter were drilled through 
the ring into each of the slots. A housing, which provided 
a supply annulus for the coolant, fitted over the ring. The 
small holes metered the flow into each slot, thus providing & 
uniform distribution of the flow about the circumference. 
The slots and the porous-cloth liner spread the coolant flow 
over a large area at a low velocity. As the liner was very 
porous (36 mesh), it did not restrict the flow but provided a 
surface onto which the coolant flowed. The air flow over 
the surface of the injector carried the coolant downstream 
along the inner surfaces of the tubes. 

The remainder of the heat-transfer experiments were con- 
ducted with the jet-type coolant injector shown in fig- 
ure 3(b). It consisted of a brass ring through which 60 holes. 
were drilled 0.013 inch in diameter equally spaced around 
the circumference at an angle of 45° to the axis of the ring. 
A stainless-steel splash ring was fitted into the brass ring; 
a housing, which provided a supply annulus for the coolant, 
fitted over the brass ring. The splash ring directed the 
flow of the coolant downstream and against the surface of 
the duct; its spacing did not control the coolant fow. The 
splash ring blocked 5 percent of the gas-flow area. 


FILM-COOLED TUBES 


The heat-transfer experiments were conducted with three 
different Inconel tubes; each had a %inch wall and was 48 
inches long. Two of them were seamless tubes with honed 
inner surfaces and are designated as smooth-surface tubes; 
one had a 2-inch and the other a 4-inch inside diameter. 
The third, designated as the rough-surface tube, was a 
4-inch-inside-diameter rolled tube with a longitudinal weld. 
Although the inside surface of this tube was machined after 
welding, some surface roughness and waviness remained. 
The inner surface of the rough-surface tube was also inter- 


558 


rupted by three projecting pressure probes spaced along the 
length of the tube and 12 holes used for measuring static 
pressures. 
affect the heat-transfer results. 


The heat loss from the tubes was too small to — _ 


The visual experiments were conducted with a 4-inch р угех i 


tube and a 4-inch- and a 2-inch-diameter plastic tube 
(methyl methacrylate). All tubes were 48 inches long and 


A inch thick and were sealed to an aluminüm adapter by | 


means of a flange; the adapter was sealed to the liquid 
injector. The other end of the tubes fitted into expansion 
slip joints. 
FILM COOLANTS 

Water was used as the film coolant for all the heat-transfer 
experiments. For the visual experiments, a detergent was 
used to change the surface tension, and ethylene glycol, to 
change the viscosity.” Table I lists some properties of the 
liquids used. The pressure in the test section, varied for the 
different conditions of the heat-transfer experiments, which - 


resulted in а variation in the boiling temperature of the water ^ 


of approximately 20° F; the average boiling temperature was - 


240? F. 


INSTRUMENTATION 


Flow rate, —Air flows were measured within 2 percent by ^ 
means of orifices and a differential water manometer. `` 
Coolant flows were measured within 1 to 4 percent by means . 


of rotameters. 

Pressure.— The static pressure of the air stream was 
measured during the heat-transfer experiments in the 
approach section 3 inches upstream of the coolant injector by- 
means of a mercury manometer. The measurements were 
used to determine approximate air densities and velocities at 
this position and to approximate the boiling temperature of 


‚ the coolant in the film-cooled tube. 


Temperature.—Air temperatures were measured by means ^ 


of chromel-alumel thermocouples and a self-balancing poten- 
tiometer. Rakes containing 20 thermocouples were located 
in the calming section and a rake with four thermocouples for 
the £-inch test section, and with one thermocouple for the 
2-inch test section, was placed in the approach section 3 
inches upstream of the coolant injector. The estimated 


accuracy of air-temperature measurements varied from +10° © 


at 80° F to £25° at 2000° Е. These values were determined 
from a consideration of instrument accuracy, wire calibration, 
radiation and conduction heat losses, and fluctuations of the 


air-siream temperature during runs. The recovery factor, 


for the thermocouples located in the approach section (where _ 


the Mach numbers were from 0.5 to 0.7) was of the order of 
0.9; this recovery factor was obtained from & comparison of 
the thermocouple readings in the approach section with 
those in the calming section (where Mach numbers were 
below 0.1). 
temperatures as measured by thermocouples in the approach 
section were used; the differences between the temperatures 
used and the temperatures obtained by correcting on the 
basis of recovery factor were less than 1 percent. 

Wall temperatures on the Inconel tubes were measured by 
means of chromel-alumel thermocouples and & recording 
potentiometer. The thermocouples, which were welded to 
the outer surface of the tubes, were spaced along the length 


Because the recovery factor was high, the total __ 
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(a) Porous slirface (used for both heat-transfer and visual experiments), 
(b) Jet type (used only for heat-transfer experiments). 


FiGURE 8.—Coolant injectors 
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of the tubes at eight positions around the circumference of 
the 4-inch tubes (table IJ) and four positions around the 
circumference of the 2-inch tube (table III). Wall tempera- 
tures were measured by these thermocouples within 2-10? Е. 
Liquid temperature was measured within -Е5° F by means 
of à thermocouple in the supply annulus of the injector. 

Liq aid-flow disturbance.—-A stroboscopic light was placed 
on one side facing the transparent tube and observations of 
the liquid film were made looking into the tube from the 
opposite side. The timing of the stroboscopic light was 
adjusted for optimum visual clarity of disturbances on the 
liquid film. 

Shadowgraph pictures of the liquid film were obtained with 
the aid of a microflash light source on one side of the trans- 
parent tube, suitable condensing lenses, and a camera on the 
opposite side of the tube. The camera was focused on the 
liquid-film surface nearer to it. High-speed motion pictures 
of the liquid flow were obtained using floodlamps on one side 
of the transparent tube and a high-speed camera on the 
opposite side. The high-speed camera reached a speed of 
2000 frames per second and a timing mark was imposed on 
the film at 1/1000-second intervals. 


PROCEDURE 


The operating procedure consisted in setting the coolant 
flow, the air flow, and the air temperature at desired values; 
allowing & few minutes for conditions to stabilize; and re- 
cording the data. The air-flow rate was controlled by a 
throttling valve in the supply line ahead of the surge tank 
(fig. 2). The exhaust pressure was maintained nearly con- 
stant; therefore, the pressure in the test section varied with 
the air flow and the temperature. The operating conditions 
covered the following ranges: 







Operating conditions 
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Atr temperatures, °F_....-._-- 80, 800 

Air flow, пп 07-94 
Coolant ‘flow, Ib Рае ея Вера 0. 01-0. 28 
Coolant-flow boy yi flow rate ‚ percent. 0. 3-21 
Coolant flow/circumferential length, Ib/see-ft. -- 0. 027-0. 270 





a In the approach section 3 in. upstream of the coolant injector. 


These conditions give the following values for the air 
stream in the approach section 3 inches upstream of the 
coolant injector: 








Reynolds number.. 
Mach oumber._.._..-.-.-.----__- сыз 
Air mass velocity, Ib/(sec) (sq ft}.--..-_-_. 
Air velocity, ft/sec. 


m w- T ye ee ee ee UR 


Values of specific heat for air were obtained from reference 
. 15 and values of thermal conductivity and viscosity for air 
were obtained from reference 16. Experimental values of 
Prandtl number and Schmidt number vary only slightly for 
the temperature range. 
In the visual experiments, the nature of the liquid-film 


surface, eran changed from relatively smooth to wavelike 
in appearance with increasing liquid flow, was observed 
over the range of conditions independently by two observers 
by means of а stroboscopic light. 


disturbed surface was within 10 percent and an average of 


their results was used. As & check on visual observations, _ Жа 


shadowgraph and high-speed motion pictures were taken of . 
the liquid film for various flow conditions. 


RESULTS OF HEAT-TRANSFER EXPERIMENTS 
LIQUID-COOLED LENGTH 


Cooling effectiveness was determined by plotting the wall 


temperatures of the film-cooled tube as a function of distance |. 
from the point of coolant injection. A typical plot, froma — 


run with the 4-inch tube, isehown in figure 4. The tube-wall 


temperature remains below the boiling temperature of the 


coolant (water) for about 19 inches downstream of coolant 


injection, rises to the boiling temperature, &nd then rises 


rapidly, approaching a value near the stagnation temperature — 


585 | 


of the air-coolant vapor mixture. The liquid-cooled length E _ 


(fig. 4) is determined from an average of the distances for 
which the wall remained below the boiling temperature of the 


coolant at the eight circumferential positions. Similar ___ 


The agreement between .. 
observers on liquid flows for the transition from smooth to ___ 


—T 


plots were obtained for the 2-inch tube, and the liquid-cooled __ 


length was determined from an average of four cireumferen- _ 
For the 4-inch tubes, the agreement of the _ 


tial positions. 
liquid-cooled length for the eight circumferential positions 
was within 10 to 15 percent; at very low coolant flows 


greater variation occurred. For the 2-inch tube, even 


distribution of the coolant was more difficult to achieve; 


agreement of liquid-cooled length for the different positions - 


was generally within 25 percent, but in many cases one 


of the four positions would differ from the others by аз 2а 


much as 40 percent. 


The effect of gravity, which tends to decrease the pro- - 
portionate film thickness in the upper portions of the hori- 


zontal tube, resulting in shorter liquid-cooled lengths there, 


was observable in the data of the 2-inch tube but not in {Һе 


4-inch tubes. In the 2-inch tube, liquid-cooled lengths in. 


the upper portion were from 5 to 20 percent shorter than 
those in the lower portion. No trends in the magnitude . 
of the gravity effect were noticeable with the different air and 
coolant flows investigated. Gravity effects were not of 
aufficient magnitude in any of the tubes to affect the trends 
observed in flm cooling. 
Carbon deposition on film-cooled tube.— Each time a run 


was made, carbon was deposited around the tube immediately. 


downstream of where liquid coolant ceased for & distance . 


of about х inch. Carbon did not form on the surface 
covered by the liquid film nor farther downstream where the 
surface became hotter. These deposits disrupt a liquid film 
and thereby reduce cooling effectiveness; the rate of carbon. 


in the 2-inch tube than in the 4-inch tubes. For this reason 
all the experiments in the 2-inch tube were made so that the 


on the previous run. 


liquid-cooled length for each succeeding run was less than _ 
After each running period, it was — 


- 
———— =, 


deposition and the resulting effect were considerably greater 
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FIGURE 4.—Typlcal date plot showing liquid-film-cooled length. Smooth-surfüce tube of 4-inch diameter; air-stream Reynolds number, 5.3105; air temperature, 1400° F; water 
flow, 0.10 pound per second or 2.6 percent of air flow. 


necessary to remove and clean the tube of carbon deposits 
before further running at long liquid-cooled lengths could 
be made. Most of the experiments in the 4-inch tubes 
were also made by means of this procedure; for the other 
experiments the carbon deposition was not great enough 
to reduce liquid-cooled lengths more than a few percent. 

Reproducibility of results.—Consideration of 12 different 
runs with the 4-inch smooth-surface tube showed that 
reproducibility of liquid-cooled. length at the same experi- 
mental conditions was within 5 percent; reproducibility 
with the 2-inch smooth-surface tube was within 5 percent 
for six runs, but variations of 15 percent were obtained with 
three others. 'The reason for the large variations with 
some of the runs with the 2-inch tube was attributed to small 
changes in alinement between coolant injector and tube 
when the apparatus was reassembled after cleaning. In 
some cases this would result in а disturbance of the film 
and hence less cooling. Reproducibility with the 4-inch 
rough-surface tube was within 8 percent for 17 runs; varja- 
tions as high as 14 percent were obtained with three other 
runs, 


EFFECT OF EXPERIMENTAL VARIABLES ON LIQUID-COOLED LENGTH 


In the heat-transfer experiments, data on liquid-cooled 
length were obtained for independent variations of air 
temperature, air-mass velocity, coolant flow, tube diameter, 
and injection method. 
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FiaUCRE 5.—Varlation of liqutd-cooled length with air to coolant temperature difference and 
air-mass velocity. Rough-surface tube of 4-Inch diameter; alr-stream Reynolds numbers, 
4.8 to 10X105; water flow рог circumferential length, 0.123 pound per second per foot. 


Air temperature and mass velocity.—The effect of air 
temperature and mass velocity is shown in figure 5, where 
liquid-cooled length is plotted as a function of the difference 
between air-stream and coolant-film surface temperatures 
(T,,-1,) for various air-mass velocities. As would bo 
expected, the liquid-film-cooled length decreases with | 
either an increase in temperature difference or increase in 
mass velocity. 


„е. 


INTERNAL-LIQUID-FILM-COOLING EXPERIMENTS IN HORIZONTAL TUBES 


7 Reynold: 
^ a mimber ЕЕ 


LI 


“ch UR Sh чи 
CRS SSCS 


пшшакиливаиншии 


ЖУЫК ДЕ Ж ЧИ 
ene ле 
Ee ЗЕ ЖЕ 


Р; 
f 
E 


Liquid-cooled length, ff 


чии 





.03 05 


09 JH ç . J5 47 49 20 
Coolant flow per circumferential length, lbj (sec) (ғ?) 


(a) Smooth-surfaee tube of 4-Inch diameter. 
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(b) Smooth-surface tube of 2-Inch diameter. 
FIGURE 6.— Variation of Hquid-cooled length with water flow per circumferential length. 


Coolant flow and tube diameter.—Analysis of the data 
with two different tube diameters indicated that the ratio of 
coolant flow to tube circumference, which is an index of 
coolant-film thickness, was an independent variable. Figure 
6 shows liquid-film-cooled length plotted against this ratio 
(coolant flow per circumferential length) for various air- 
Stream conditions. Data in the 4-inch smooth-surface tube 
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(c) Rough-surface tube of 1-Inch diameter. 


Ficure 6.—Concluded, Variation of liquid-ecoled length with water flow рег eireumferen- ~ 


Ча] lengtb. 


are shown in figure 6(a) for three different air temperatures 
with approximately the same air-mass velocity and for three 


different air-mass velocities with the same air temperature. ` 


For each of the different air-stream conditions, the relation 
between the liquid-cooled length and the coolant flow per 
circumferential length is nonlinear and shows the same 


trends. The cooling effectiveness of.a given rate of coolant. 


How is greatest at the lower coolant flows, decreases appre- 


Tn 


ciably in the range of coolant flow. between 0.05 and 0.09 | _ 


pound per second per foot, and does not change greatly at 
the higher flows. | 


Data in the 2-inch tube are shown in figure 6(b). Each М 
of the curves shows the same trends, and the large decrease .. . 


in cooling effectiveness occurs iri the same region of coolant 


flow per circumferential length as the data of figure 6(a). 


Data in the 4-ineh rough-surface tube are.shown in figure 


6(c), and the curves show the same trends as those with the _ 


smooth-surface tubes. The reason for this nonlinear effect 


was found, from the visual experiments, to be the formation __ 


of wavelike disturbances on the film surface with increasing - 


coolant flow and will be discussed. | m 

Coolant-injection methods.— Figure 7 shows & comparison 
of data obtained with the porous-surface and Jet-type injec- 
tors; liquid-cooled length is plotted as a function of coolant 
How per circumferential length for constant gas-stream con- 
ditions. The data show that no significant difference in the 
amount of cooling was obtained with the two different coolant 
injectors. With both injectors the coolant was introduced. 
in such a manner as to keep it on the wall and to prevent 


— —- 


penetration of the liquid into the gas so that the liquid film ` 


could be formed without unnecessary loss of coolant at the 


injector. The data in figure 7 were obtained with deposits - 


on the inner surface of the rough-surface tube which had 


been formed during previous experiments and had not been | | 


Coolant injector 
о PEROU surface 
3 


Liquid-cooled length, ft 





: | A A3 
Coolant flow per circumferential length, fbf (sec) (ѓ?) 


FiuuRE 7.— Variation of liquid-cooled length with water flow per circumferential length for 
different ealant injectors. Rough-surface tube of 4-Inch diameter with deposits on surface; 
air-stream Reynolds number, 10.7X10*. 


removed and therefore are not consistent with the other 
data obtained with the rough-surface tube. The data are 
useful for the comparison of coolant injectors because all 
values were obtained with the tube surface in the same 
condition. к 


RESULTS OF VISUAL FLOW EXPERIMENTS 
VELOCITY AND THICKNESS OF LIQUID FILMS 


The liquid films established on the inner surface of the 
tubes were found in the visual experiments to be very thin 
for the range of test conditions. Computed values of the 
liquid-filzn thickness were from 0.005 to 0.0005 inch with 
corresponding surface velocities of the liquid film from 10 to 
35 feet per second. The symbols and the method used for 
calculating the liquid-film thickness or velocity are given in 
appendixes A and B, respectively. The velocities of the 
disturbances observed on the film surface were measured 
from the high-speed motion pictures taken at various con- 
ditions. These values agreed favorably with the calculated 
surface velocity of the liquid film for the same conditions. 

Experimentally determined velocities of surface disturb- 
ances and corresponding thicknesses of liquid films are shown 
in the following table: 


Water flow 


(ib/(sec) (ft)) 


Air-stream 
Reynolds number 


А 1 
Disturbance 
velocity 


(ft/sec) 


ш > 


11.8X16 
28.6X 10! 


The effect of gravity on the liquid film, which tends to 
decrease the film thickness in the upper portion of the 


=}... 
Film thickness [р undis Film thickness 
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; horizortàl tubes, was not discernible visually; its magnitude 
and effects have been discussed previously. 


„DESCRIPTION OF WATER-FILM DISTURBANCES 


Observations, W ith the aid of stroboscopic light, of water 
films on the inside surface of transparent tubes revealed 
changes in the appearance of the flow for different water 
flows. With constant air-stream conditions, the water flow. 
appeared. essentially smooth at low water flows; whereas . 
there were disturbances having the appearance of waves on 
the water surface at higher water flows. The change in the. 
appearance of the water flow occurred gradually as the water 
flow incr ‘eased ; figure 8 shows shadowgraph pictures of the 
flow for, jncreasing water flows. The photogr aphs are’ 
arranged to show three regions involved in the changing 
appearance of the water flow as the flow increases: (1) smooth 
flow (no appreciable disturbance), (2) transition from small 
traces of disturbance to appreciable and consistent clearly 
visible disturbances, and (3) increasing number and magni- 
tude of disturbances. Although there was a gradual change 
from undisturbed to disturbed flow, liquid flows that define 
the transition region at given flow conditions could be deter- 
mined by two or more observers with good agreement. The 
degree of disturbance continues to increase with mereased 
liquid flow after the transition region. 


EFFECT.OF FLOW VARIABLES ON LIQUID-FILM CHARACTERISTICS 


Experiments were conducted to determino the effect of 
several] variables on the values of liquid flow per circum- 
ferential length over which the flow transition occurred and 
on the appearance of the surface. The variables investi- . 
gated were air-mass velocity (or Reynolds number), tube 
diameter, air temperature, liquid viscosity, and liquid 
surface tension. The values of liquid flow per circum- 
ferential length defining the transition region for the different 
flow conditions are given in tables IV and V. 

Effect of air-mass velocity.—The liquid flows defining tho 
transition region with water are given in table IV for different 
air-mass velocities at ambient temperature with the aid of 
three different transparent tubes. The water flows per 
circumferential length over which the flow transition occurred 
did not change appreciably over the air-mass velocity (or 
Reynolds number) range. "The disturbances had different 
appearances at the various air-mass velocities, being smaller 
and more numerous at the higher air-mass velocities. А 
comparison. between the pyrex and clear plastic tubes (table 

IV) shows. "that the transition region for the plastic tube 


starts af & flow about 25 percent lower than that for the — 


pyrex tube. Both tube surfaces were essentially smooth; 
the differ ence was probably due to different surface chinos 
teristics of the materials. 

Effect of 1 tube diameter. —The transition region for several _ 
gir-mass ‘velocities (or Reynolds numbers) with 2- and 4-inch- 
diameter plastic tubes is also shown in table IV. The 


results show no appreciable difference in the transition region 


(liquid flow per circumferential length) for the two tube 
diameters, and the disturbances had the same appearance 
for corresponding air-mass velocities. 
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FtGUCRE 8.—5hadlowgraphs of water films with cocurrent alr ficw In horizontal] tube. Clear plastic tube of 4-Inth diameter; air-stream Reynolds number, 11.510: alr temperature, 80? Р; liquid 
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ta) Clear plastic tube of 4-Inch diameter; air temperature, 80° F; alr-stream Reynolds 
number, 11.8105 water flow, 0,0903 pound per second per foot. 


(b) Pyrex tube of 4-inch diameter; air temperature, 800° Е; air-stream Reynolds number, 
6.6108; water flow, 0.130 pound per second per foot. 


FIGURE 9.—8hadowgraphs of water films with cocurrent alr flow in horizontel tube at 
different air temperatures. "e 


Effect of air temperature.—Significant information on the 
effect of air temperature on the transition region could not 
be obtained because water-flow rates in this region were too 
small to form & liquid film along the entire length of the 
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tube at high air temperature and thus prevent overheating 
of the tube. 

However, the effect of temperature on the flow disturbances — 
accompanying high rates of water low was observed. For 
example, figure 9 shows shadowgraph pictures of the water 
flow for air temperatures of 80° and 800° F for the same air 
flow. The pictures indicate, as did visual observations, that 
the disturbances had the same appearance at the different 
air-stream temperatures; apparently there is no boiling 
or appreciable effect on the liquid-film surface duo to 
vaporization. 

Effect of liquid viscosity.— Variation of liquid viscosity 
and surface tension was obtained by using water, water-— 
ethylene glycol solutions, and water-detergent solutions at 
constant temperatures, The properties of the solutions that 
were used are listed in table I. 

The liquid-flow disturbances with aqueous glycol solutions 
were less wavelike in appearance, smaller in size, and less 
distinct with inereased viscosity. Definition of a transition 
region, as obtained with water, was difficult because of the 
gradual development of the disturbances with increased . 
liquid flow. However, as viscosity was increased, higher 
liquid flows were required before. appreciable disturbances 
were observed. 

Effect of surface tension..—In table V are shown an increase 
in the liquid flows for the start of the transition region and 
an increase in the magnitude of the transition-flow region 
for decreases in liquid surface tension. The transition 
region for the 0.095-percent detergent solution (surface 
tension, 50 percent of that for water) starts at a liquid flow 
about 20 percent higher than that for water, and the magni- 
tude of the transition flow region is about twice as large as 
that for water. The physical characteristics of the flow of 
water-detergent solutions were essentially the same as ob- 
served with water except when the detergent concentration 
was sufficient to reduce the surface tension below approxi- 
mately one half that of water. Then the following liquid- 
flow characteristics were observed: (1) At low liquid flows, 
small areas of roughened surface appeared; and (2) as the 
liquid flow was increased, the disturbances became more 
numerous and intense, covering the entire surface. The 
disturbances, however, did not have the wavelike appearance 
that was observed with water. 


RELATION BETWEEN DISTURBANCES AND FLOW CONDITIONS 


By analysis, the surface disturbances or turbulenec of the 
liquid film was found to originate when the liquid filin was 
thick enough to enter the flow region where turbulent forces 
predominate over viscous forces. Plots of the generalized 
velocity distribution for fully developed flow in smooth 
tubes, as given in references 17 and 18, are shown in figure 
10, and this distribution is assumed applicable to the liquid 
film. The flow regions where the viscous or turbulent forces 
predominate are defined by the value of the wall-distance 
parameter y+. Viscous forces predominate in the laminar 
layer (y*« 3); turbulent forces, in the turbulent coro 
(y* 30); and both laminar and turbulent forces aro present in 
the intermediate region (3«/y*« 30) (references 17 and 18). 








wal increasing disturbonce}— Sm 


„с“ l F 
QC LOF 
|! 2 468/0 20 4060 100 200 4006001/000 2000 6000 
g'- 2/0 у 
78/3 


Ficer 10.— Association of visual ffow regions and heat-transfer results with generalized 
velocity distribution for fully developed fluw In smooth tubes applied to liquid films. 


For the purposes of this investigation, 1t 1s convenient to 
place the results in terms of wt, a flow-rate parameter, 
because the How of the liquid was measured for each run. 
This flow-rate parameter, which is the integral of the curve 
of ut against y* (fig. 10), is derived in appendix В. 

Values of the How-rate parameter wt were calculated for 
the’ median liquid flows defining the transition region as 
listed in tables IV and V ;.the viscosity of the liquids at 80? F 
(temperature when introduced mto tube) was used. The 
eorresponding values of yt were obtained from figure 11, 
which is & graphical integration of the curve of figure 10 
for various values of yt (appendix В). These values are 
plotted on the generalized velocity distribution of figure 10. 
The highest and lowest values of yt defining the transition 
region as obtained from tables ТҮ and У are also shown in 
figure 10 by solid lines, and the data indicate that the 
observed transition region for the various conditions occurred 
over the region of wt=50 to wt=150 or y*—12 to yt —21. 
The previously defined flow regions as shown in figure 7 
may be associated with figure 10 as follows: At values of 
у+<12, the liquid film appears relatively smooth. In the 
region 12<y+<21, a surface disturbance developed on the 
liquid film. For values of y+>21, the disturbance increases 
with y* to the limit of the experimental conditions at y* —806. 
The approximate liquid flow at which the surface disturb- 
ances initially-occur can be obtained with a flow-rate parame- 
ter wt of 90, which corresponds to yt=15. 


RELATION BETWEEN HEAT-TRANSFER DATA AND LIQUID- 
FILME DISTURBANCES 


Analysis of the occurrence of liquid-film disturbances was 
applied to film-cooling heat-transfer results shown in figure 6, 
where cooling effectiveness is shown as & function of water 
flow for different hot-air-stream conditions. Values of the 
flow-rate parameter wt were determined for water flows 
representing medians (indicated by the intersection of the 
dashed lines) over which marked changes in cooling effec- 
tiveness occurred for each of the curves in figure 6, and which 
were suspected to correspond to the initial occurrence of 
liquid-film disturbances. The viscosity of water at 210? F 
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FIGURE 11.— Variation of dimensionless flow-rate parameter with wall-distance parameter. - 


(estimated average temperature of water film) was used. 
Values for wt varied between 266 and 448 and the corre- .. 


sponding values of y* as plotted on figure 10 varied between 


30 and 44; these are higher values than obtained for the _ | 


transition region from the visual observations. This re- . 


sult would be expected because of the differences in the two 
systems. The visual results were obtained with ambient- 
gas-stream temperature; thus no appreciable evaporation of 


the liquid into the gas stream occurred, and the thickness of _ 


the liquid film was essentially constant downstream of the 
injection point. In the heat-transfer investigations, how- 
ever, liquid was evaporating from the liquid film and the 
thickness decreased along the duct. Thus the two systems 
can be compared only at & point where, in the heat-transfer 
ease, no liquid has heen lost to the gas stream, which would 
be the injection point. For the visual observations where 


am 


the thickness of the liquid film is constant along the duct, _ 
disturbances take place along the entire duct when the initial — . 


thickness is sufficient for a surface disturbance to oecur. 


In the heat-transfer investigations, however, the thickness _ 


decreases along the duct and this decrease would tend to 
stabilize any disturbances of the film surface. Thus for the 
same value of y* and the same initial liquid flow, the liquid- 


film surface would be more turbulent in the visual obserya- _ 


tions than in the heat-transfer investigations. By assuming 


the average thickness of the liquid film to be one half the 


initial thickness for the heat-transfer case, the determined 
value of y* is reduced by а 


factor of 2 (from that for no ._ . 


evaporation) and the heat-transfer results are in agreement | 


with the visual results. The approximate flow at which the 


effectiveness of water changes in a film-cooling application is | 
obtained with a flow-rate parameter wt of 360, which 


corresponds to y*—37. 
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(a} Smooth-surface tubes of 2- and 4-Inch diameter. Air temperatures, 800° to 3000? Е; air-mass velocities, 39.4 to 81.7 pounds per second per square foot. 
FIGURE 12,— Correlation of heut transfer from alr stream to water film at constant coulant flow per circumferential length. 


ANALYSIS OF HEAT-TRANSFER DATA 


The data were generalized in a form convenient for deter- 
mining film-coolant requirements even. though a complete 
correlation was not obtained because of the changing con- 
dition of film-coolant flow with changes of coolant-flow rate. 


CORRELATION OF HEAT TRANSFER FOR CONSTANT COOLANT FLOW PER 
CIRCUMFERENTIAL LENGTH 


In figure 1 is shown а schematic representation of the 
liquid film veporizing in the air stream. Heat is transferred 


from the hot-air stream to the coolant film and, simultanc- 
ously, mass transfer from the coolant to the air occurs as the 
coolant vaporizes. — 

The method used to correlate the data was to consider 
heat transfer as the controlling process, and the driving 
force or temperature difference was taken between average 
air-stream temperature and the liquid surface temperature, 
which was.approximated by assuming it to be at boiling 
temperature. Mass-transfer equations did not provide а 
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th) Rough-surface tube of 4-Inch diameter, Alr temperatures, 600° to 2000" Е; air-mass velocities, 39.7 to 81.5 pounds per second per square foot. 


Fieurg 12.—Concluded. Correlation of heat transfer from air stream to water film at constant coolant flow per circumferential length. 


successful method of relating the data because their use re- 


quired a more accurate determination of liquid surface. 


temperature than was feasible. 

Average heat-transfer coefficients for each run were cal- 
culated by the following heat balance across the air—coolant- 
vapor film: 

W. [Css (7,— T) +H. 


= T TGD С е 


The following equation correlated the data for constant 
values of coolant flow per circumferential length: 


Nu=a(Re)* 


A more complete equation for correlating film-cooling data — 
may also include the dimensionless groups Pr, Se, and kg/ks. 


These parameters are not included because they were... 


essentially constant for the conditions of the experiments. 
The latter two parameters predicted the effects of diffusion - 
of vapor into the gas stream on heat-transfer coefficients for | 
the data of reference 12. | 

The Nusselt number for each run was calculated from the 


experimental heat-transfer coefficient, the diameter of the i 
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tube, and the thermal conductivity of air at the average bulk 
temperature of the air stream (7,,,). Air-stream Reynolds 
numbers were calculated for each run by means of tube 
diameter, air-mass velocity, and viscosity of air at average 
bulk temperature 7;,, 


The log-log plots ‘of Nusselt numbers against Reynolds 


numbers for. several different values of coolant flow per 
circumferential length are shown in figure 12. АП the data 
shown in figure 12 were obtained with coolant flows large 
enough to cause cooling-film disturbances; correlation could 
not be investigated over а large range of air flows and 
temperatures with low coolant flows which did not cause film 
disturbances because, at the high air flows and temperatures 
of the experiments, liquid-cooled lengths were too small to be 
accurately measured. 

In figure 12(2) are shown data obtained in both 2- and 
4-ineh-diameter smooth-surface tubes at a coolant flow of 
0.116 pound per second per foot of tube circumference. The 
slope of the line drawn for these data is approximately 1.05. 
Also shown in figure 12(a) are data in the 2-inch smooth- 
surface tube at a coolant flow of 0.093 pound per second per 
foot of tube circumference; although there is considerable 
scatter, the slope of the line for these data appears to be 
approximately the same as that for the data at the other 
coolant flaw. Comparison of data in the 2-inch tube at two 
different coolant flows shows that heat-transfer coefficients 
were higher with the higher coolant flow. A conventional 
relation for heat transfer from flowing hot gases to tube walls 
without film cooling is represented in figure.12(a) by а 
dashed line; thé experimentally determined coefficients for 
film cooling are considerably greater. 

Data obtained in the 4-inch rough-surface tube at three 
different coolant flows are presented in figure 12(b). The 
slopes of the lines for the data at cach of the different coolant 
flows are approximately 1.07, and the heat-transfer co- 
efficients increase with increased coolant flow. A comparison 
of data from figures 12(8) and 12(b) shows that heat-transfer 
coefficients are approximately 20 percent higher with the 
rough-surface tube than with the smooth-surface tube. 

Data scatter for the correlations presented in figure 12 is of 
the same order of magnitude as reproducibility of liquid- 
cooled length with constant test conditions. 


GENERALIZED PLOT OF HEAT-TRANSFER DATA 


The data of figure 6 showed that the surface area cooled by 
a given flow of coolant decreased with increased coolant flow. 
The visual experiments indicated that the decreased effective- 
ness of the coolant resulted from the formation of wavelike 
disturbances on the liquid film. . Figure 12 shows that, al- 
though the heat transfer from the hot air to the liquid film is 
correlated for constant values of coolant flow per circum- 
ferential length, the heat-transfer coefficients increase with 
increased coolant flow per circumferential length. 

In order to generalize all the film-cooling data on a single 
plot, the equation for heat transfer plotted i in figure 12 was 
used. This equation is - 


length and gas stream and coolant variables. 
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АР =) 
=q 2 
К, Иг ( 
where the value of а сап be considered to vary with coolant 
flow per circumferential length. The Reynolds number 
exponent was taken as unity for convenience because accu- 
racy of the data did not permit closer determination. Sub- 
stituting the equation for heat-transfer coefficient (equa- 
tion (1)) in equation (2) and rearranging yield: 
We Lk, (Т, Т, 


7D uin (Re), | (3) 





In figure 13(a) is shown this relation plotted for data ob- 
tained with the smooth-surface tubes; coolant flow per cir- 
cumferential length of tube is plotted against liquid-cooled 
Figure 13(b) 
shows the relation plotted for data obtained with the 4-inch 
rough-surface tube. A comparison of the data shown in 
figure 13(2) with those in figure 13(b) shows that the amount 
of cooling in the rough-surface tube was about 20 percent 
less than in the smooth-surface tubes. Less cooling was 
obtained in the rough-surface tube because surface roughness, 


projections, and holes on the inner surface all tend to disrupt 


the liquid film and promote loss of coolant from the wall. 
Quantitative measures of the effects of surface roughness and 
of the other surface interruptions on the amount of cooling 
obtained could not be made because the surface irregularities 
in the rough-surface tube were not well defined. The curves 
of figure 13(a) and 13(b) show the same trends as the curves 
of figure 6; cooling effectiveness per pound flow of coolant 


- decreases appreciably in the range of water flow between 0.05 


and 0.09 pound per second per foot. 
DISCUSSION 


The water flow required to maintain liquid-film cooling 
over a desired area in a smooth-surface straight tube with 
fully developed, turbulent air flows to 2000° F entering the 
tube can be determined from figure 13(a). Figure 13(a) is 
also useful for estimating film-coolant requirements for condi- 
tions which have not been investigated experimentally and 
for acting as a guide to correlate data obtained from actual 
applications. 

Further research is required to determine the effects on 
film-cooling results. of: (1) gas temperatures higher than 
2000? Е, (2) coolant properties which affect the flow condi- 


- tions of the liquid film, (3) the mass diffusion from the liquid 


film, (4) gas-stream pressure, (5) gas-flow conditions differing 
from the well-controlled conditions of the experiments, (6) 
the use of reactive coolants, and (7) changing contour of the 


` flow duct. 


Additional data are required to determine if gas tempera- 
tures greater than 2000? F will alter results, as predicted 
from figure 13, other than that accountable to radiation. 
Coolant requirements obtained from figure 13 account for the 
heat transferred-from the hot gas to the Баша film by forced 
convection alone and not by radiation to the liquid film or 
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Air temperatures, 600° to 2000? Е: alr-stream Reynolds numbers, 4 to 14х10. 


(a) Smooth-surface tubes. Ab temperatures, 800? to 2000* F; air-stream Reynolds numbers, 2 to 11Х1@. 


(b) Rough-surface tube of 4-Inch diameter. 


39.1 to 81.7 pounds per second per square foot. 


FiGURE 13.—Generalized plots of üim-cooling data based on correlation of heat transfer from air stream to water film. Statie pressures, 42 to 74 inches of mercury absolute; alr-mass velocities, 
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to the tube wall; where the heat transferred by radiation is 
appreciable, additional coolant is required. If the amount of 
heat transferred to the tube wall by radiation were large 
enough to result in a wall temperature considerably above the 
saturation temperature of the coolant, it is possible that 
additional coolant will be lost because of the disturbance of 
the liquid film caused by the formation of vapor bubbles under 
the film. 

Additional data are needed on the effects of coolant 
properties. Results predicted from figure 13(a) may differ 
from those obtained with coolants having viscosities and 
surface tensions considerably different from those of water 
on account of the effect of these properties on the flow 
conditions of the liquid film. The visual flow experiments 
showed that the changing flow conditions of the liquid film 
with increased values of liquid flow per circumferential 
length (evidenced by the occurrence of turbulent or dis- 
turbed flow) result in the variation in cooling effectiveness 
with increased coolant flow which can be seen in figure 6. 
The experiments also showed that the values of coolant flow 
per circumferentia] length at which disturbed flow begins, 
and the nature of the disturbed flow, differ with the viscosity 
and surface tension of the liquid. 

Further research 1s required to investigate the effects of 
diffusion of vapor from the liquid film. As discussed pre- 
viously, the data of reference 12 were correlated by con- 
sidering heat transfer as the controlling process and the 
effects of simultaneous mass diffusion were predicted by the 
parameters Se and &,/k,. Additional experiments with 
large changes of coolant and gas properties are required to 
determine the importance of these parameters in the case of 
film cooling. 

Effects of gas-stream pressure on the evaporation of the 
liquid film, other than predicted by the Reynolds number, 
should also be investigated by additional expériments. 
The variation of pressure occurring in the experiments 
reported herein resulted from the method of controlling the 
air flow and the temperature; independent investigation of 
pressure as а variable was not made. 


Gas-flow conditions with many applications of film cooling 
are considerably different from those of the experiments 
reported herein, and large differences between the film cool- 
ing obtained in such cases and that obtained in the experi- 
ments are possible. For example, in a rocket-engine com- 
bustion chamber, the effects of the combustion process and 
the short length of chamber will not allow conditions approxi- 
mating fully developed, turbulent velocity and temperature 
distributions as with the experiments. 

An example is given in appendix C to illustrate the use of 
figure 13(a) for determining film-coolant requirements. 

Because wavelike disturbances occur on a liquid-cooling 
film when the coolant flow per circumferential length of the 
tube exceeds a certain value, and the result is a decrease in 
film-cooled area per unit flow of coolant, it may be desirable 
in many practical. applications to limit the coolant flow 
introduced at any one axial position and to introduce it at 
several positions over the area to be cooled in order to 


more conventional cooling methods are inadequate. 
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achieve the desired cooling with as little coolant flow us 
possible. 

In general, because an internal-film coolant cannot be 
recirculated and must be carried as additional weight in 
flight, the application of film cooling in flight-propulsion 
engines appears limited either to conditions where propulsive 
energy is derived from the film coolant in addition to its 
cooling function or to conditions of high heat release where 
The 
use of film cooling in some rocket engines is an example of the 
application in which both of these conditions apply. 


SUMMARY OF RESULTS 
HEAT-TRANSFER EXPERIMENTS 


An investigation of film cooling was conducted in 2- and 
4-inch-diameter straight tubes with air flows at temperatures 
from 600? to 2000? F and diameter Reynolds numbers from 
2.2 to 14X10°. The film coolant, water, was uniformly 
injected around the circumference at a single axial position 
on the tube at flow rates from 0.02 to 0.24 pound per second 
per foot of tube circumference (0.8 to 12 percent of the air 
flow). Liquid-cooled lengths were determined by means of 
wall-temperature measurements. The results of the experi- 
ments are summarized as follows: 

1. Liquid-coolant films were established and maintained 
around and along the tube wall in cocurrent flow with the 
hot gas. | 

2. The tube wall was kept below the boiling temperature 
of the. coolant over the surfaces covered by liquid coolant; 
downstream of the point at which the liquid film ceased 
because of vaporization, little additional cooling of the tube 
was obtained. 

3. The relation between liquid-cooled length and coolant 
flow for given gas-stream conditions was nonlinear; the 
effectiveness of a given flow rate of coolant introduced at 
a single axial position on the tube decreased with inercased 
coolant flow. 

4. The film-cooling data were generalized by means of a 
heat-transfer relation and data obtained over a range of 
coolant flows; this generalization of data facilitates the 
estimation of the flow rate of inert coolant required to 
maintain liquid-film cooling over a given area of tube surface 
when the gas-stream conditions are known. 


VISUAL FLOW EXPERIMENTS 


Visual observations and flow analyses were made of annular 
liquid films in cocurrent flow with air in 2- and 4-inch- 
diameter horizontal transparent tubes. The investigations 
were conducted with air temperatures of 80° and 800° F and 
Reynolds numbers from 4.1 to 29X105 Liquid flows of 


. water, water-detergent solutions, and aqueous ethylene 


glycol solutions were investigated at flows in the same rango 
as the heat-transfer experiments. The results are summa- 
rized as follows: 

1. For the range of conditions investigated, the velocity 
of the.liquid-film surface varied from approximately 10 to 
35 feet per second with corresponding liquid-film thieknesses 
of 0.005 to 0.0005 inch. 
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2. The liquid flow wes relatively smooth until the liquid- 
flow rate was sufficiently high so that the liquid annulus 
was thick enough to enter the region where turbulent forces 
predominate over viscous forces; wavelike disturbances then 
developed on the liquid film. Approximate liquid-flow rate 
for this transition could be predicted. 

3. The liquid flow per circumferential length at which 
liquid-flow disturbances initially occurred increased with 
increased liquid viscosity, increased slightly with decreased 
liquid surface tension, and did not vary appreciably with 
changes in air-mass velocity. 

4, Liquid-flow disturbances had different appearances 
with different air-mass velocities, Паша viscosities, and 
liquid surface tensions; in general, the size and the number 
of disturbances varied. | 

5. Visual observations at several air temperatures between 
ambient and 800° F indicated no boiling or appreciable 
disturbance on the liquid film due to vaporization of the 
liquid. 

CONCLUSIONS 

The following conclusions are made from experiments in 
which tubes containing flowing hot air were cooled by water 
films on the inner surfaces and from visual observations and 
analysis of the liquid flow in such films: 

1. A liquid-cooling film can be established and maintained 
on the inner surfaces of a tube through which high-velocity 
hot gases are flowing by introducing the liquid coolant onto 
the inner surface about the tube circumference; the gases 
sweep the coolant downstream, resulting in an annular 
flow of liquid coolant. | 


‘coolant-flow rate is sufficiently high 
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2. Tube-wall temperatures are maintained at or near the 
boiling temperature of the water over the surfaces covered by 
liquid; little additional cooling of the tube is obtained down- 
stream of the point at which the liquid film ceases because of 
vaporization. 

3. The liquid-coolant film is relatively smooth unless the 
that the liquid 
annulus is thick enough to enter the flow region where 
turbulent forées predominate over viscous forces; wavelike 
disturbances then develop on the liquid film. These dis- 
turbances result in increased loss of coolant from the film 
and reduce effectiveness of the coolant. 

4. Prediction can be made of the approximate highest 
coolant flow which can be introduced at а single axial 
position in a tube to form a liquid film without the effec- 
tiveness of the coolant being reduced by the formation of 
disturbances. 

5. In order to film cool a given surface area with as little 
coolant flow as possible, it may be necessary to limit the 
flow of coolant introduced at any single position and to 
introduce it at several positions. 

6. The rate of flow of inert coolant required to maintain 
liquid-film cooling over а given area of tube surface can be 
estimated with the aid of a generalized plot of film-cooling 
data when the gas-stream conditions are known. 


Lewis FLIGHT PROPULSION LABORATORY, 


NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 
CLEVELAND, Онто, May 27, 1952. 


APPENDIX A 


SYMBOLS 
The following symbols are used in this report: Гав arithmetic Mean stagnation temperature of the gas 

A cross-sectional area of film-cooled tube, sq ft f 
d proportionality constant stream, seit Tia EE 
C, &verage specific heat &t constant pressure, 

Btu/(Ib) (°F) Т, temperature of ccolant before injection, °F 
D inside diameter of tube, ft I temperature of liquid-coolant surface (assumed at 
d volumetric diffusion coefficient or diffusivity, saturation temperature), °F 

sq ft/sec u velocity parallel to axis of tube, ft/sec | 
G mass velocity, lb/(sec) (sq ft) Us bulk or average velocity at cross section of tube, 
g acceleration due to gravity, 32.2 ft/sec? ft/sec 
Н, heat of vaporization of coolant at 7,, Btu/ib IF flow rate, lb/sec 
АН change in enthalpy of liquid coolant from entering | 1р flow rate per unit length, lb/(sec) (ft) 

condition through vaporization, Btu/lb т axial distance from liquid injector, ft 
h heat-transfer coefficient, Btu/(sec}(sq ft) (°F) y —_—_—s distance from tube wall, ft 
k thermal conductivity, Btu/(sec) (sq ft) (°F /ft) р viscosity, [b/(sec) (ft) 
L liquid-cooled length, ft Ho absolute viscosity of fluid at wall, lb-see/sq ft 
р static pressure, lb/sq ft abs p mass density, lb-sec?/ft* 
Г gas-5tream bulk temperature рь bulk or average mass density at cross section of 
Т.л stagnation temperature of gas stream entering film- tube, lb-sec?/ft# 

cooled tube, °F ро mass density of fluid at wall, lb-sec?/ft* 
Тез stagnation temperature of equilibrium gas-coolant | т, shear stress in fluid at wall, Ib/sq ft 

vapor mixture, °F T density, lb/cu ft 
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Subscripts: | Nu Nusselt number, AD/k 
е liquid coolant Pr Prandtl number, Chu/k 
fr on friction pressure gradient Re Reynolds number, DG/p 
: ih T Sc Schmidt number based on mass diffusivity of vapor, 
j iqui 
v coolant vapor шок 
— Superscript: ut "velocity parameter, = 
к \ Tol po 
n any exponent „ 
Dimensionless parameters: wt  -. flow-ra&te parameter, = у 
TLE ke 
(a£) | ds: 
f friction factor, — Ас F 2. y+ ` wall-distance parameter, 2 ти, Volpe, 
1 
APPENDIX В 


CALCULATION OF VELOCITY AND THICKNESS. OF LIQUID FILM AND DERIVATION OF FLOW-RATE PARAMETER 


CALCULATION OF VELOCITY AND THICKNESS OF LIQUID FILM 


For annular liquid flow with cocurrent gas flow in а 
horizontal duct, the velocity or the thickness of the annular 
liquid film can be calculated by use of the dimensionless 
parameters v* and yt and figure 10, which were obtained 
from references 17 and 18, 

Velocity calculation.— Тһе parameter ut is defined as 





The friction velocity үтәр, for a homogeneous fluid flowing 
in a duct is given by the equation 


=U y f/2 (B2) 


For annular liquid flow with cocurrent gas flow, however, 
equation (B2) must be modified. This modification is 
accomplished by referring the friction velocity «p, to 
‘the liquid annulus and by, considering the gas flow to be 
replaced by a fictitious flow of the same liquid as in the 
annulus. Then the restriction is imposed that the pressure 
drop per unit length must be the same for the fictitious 
liquid flow as for the gas flow with the friction factor f for 
the actual conditions applying to each case. This restriction 
means that the dynamic pressures of the. fictitious liquid 
flow and gas flow must be equal or 


anna ee 


Substituting for the velocity in equation (B2) and com- 
bining the result with equation (B1) give the following 
relation for the liquid surface velocity: 


чуз ets 


Thickness calculation.—The parameter y* is defined as 


Y "rl Bo Po = 


„Мв, ос x 


ol Po рр 5 


p | 


Again, referring the expression for y* to tbe liquid annulus 
and expressing the friction velocity J/r/p, in terms of.the 


gas-stream velocity give the following relation for the liquid- 
film thickness: 


nyt ien m dc | | кр 
И vir pot VJ Poe Boe m 
All the variables appearing in equations (B3) and (B5) 


except friction factor are known for any given conditions, 
The friction factor for annular liquid flow with cocurrent 
gas flow is unavailable from experimental data for the range 
of conditions investigated in this report. Extrapolation of 
the data in references 13 and 14 indicates that the friction 
factor for the conditions reported hercin is of the order of 
two to four times that of single-phase flow in a smooth duct 
for the same gas-stream Reynolds number. 


For convenience, a flow-rate parameter defined - 98 


wt =WirDep. (equation (B8)) is used for the calculation. 
It is the integral of the curve of figure 10 and is plotted as a 
function of y* in figure 11. 

Calculation procedure.—The following procedure is used 
to determine the velocity and the thickness of the annular 
liquid film: 


1. Determine the value of the flow-rate parameter 


r 





«Dep, 

2: Using this value, employ figure 11 to obtain the corre- 
sponding value of yf. 

3. The corresponding value of uf is then obtained from 
figure 10. 

4. The velocity or the thickness of the liquid film can 
then be determined from equation (B3) or equation (B5), 
respectively. 


DERIVATION OF FLOW-RATE PARAMETER 


With the consideration of the continuity equation in the 
region near the wall where а velocity gradient is present 


dy uc 


.. n sd 
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the flow rate per unit width w through the element dy is 
given by the relation ! 


dw=gpu dy 
Substituting the dimensionless parameters u* and y* from 


(B6) 
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The liquid flow per unit width w, can be approximated for a 


circular duct by dividing the total liquid flow И, by the 
circumference of the duct. The flow-rate parameter wt 


for the liquid flow is thus obtained from equation (B7) as >- i 





РА е 


equations (B1) and (B4), respectively, in equation (B6) and B. d ES dyt 
assuming a constant density across the liquid film give the tT Det, Í ы; 
relation 
y | 
Јав, u*dy* The value of "ap canbe evaluated for any desired 
Thus value of y* by prep hical integration of the curve of figure 10. . 
ш ке (ВТ) The result of this graphical integration for various values of _ 
Zio У y* is shown in figure 11. 
APPENDIX C 


EXAMPLE OF USE OF FIGURE 13(2 TO DETERMINE FILM-COOLANT REQUIREMENTS 


In the following example, a determination is made of the 


coolant flow required to film cool & 4-inch-diameter tube . 


with water supplied at 100? F for & distance of 1 foot with 
air flowing through the tube at 3 pounds per second and 
entering at 2000? F and with the pressure in the tube at 
30 pounds per square inch absolute. Properties for air were 

obtained from references 15 and 16, and properties for water 
and water vapor were obtained from reference 19. 

Because the average temperature 7,4, cannot be calcu- 
lated without knowing the coolant flow, a first approximation 
of the coolant flow is made from figure 13(8) by calculating 
the ordinate of that figure with the air temperature at the 
entrance of the tube Tı, which in this case is 2000? Е, in 
place of 7,, and with the physical properties of air at that 
temperature. The ordinate Р of figure 13(&) is then calcu- 
lated from the following: | 

L=1.0 ft 

D=1/3 ft - 

k,=15.6X107* 

Тл 1,—2000—250—1750? F 

nas ("n—T)44-H,— 


(2060. ( 344 TY. А 
(Ве), PS - (Isai pnt) =3-32X10 


Y ыта DX), 
T D(AR) m 


(1.0)(15.6X10~) (1750)(.32X10) g 
(1/3)(1095) 


From figure 13(8), W./*D=0.072 pound per second per 
foot and 1,— 0.072 Хт/8 —0.075 pound per second. 


1.0(250-100) 2-945—1095 Btu/Ib 


With the use of this coolant flow and the TUE equa- 
tion, Т, з is calculated. 


Balsa (Т.а Т.з) = WIES C, T T2 + C, Ta — 12] 


Successive ere are sometimes necessary because 


specific-heat values are averages for the temperature gra- 


dients. For the first approximation, the value for C,, is 
taken at 7, ; and the value for Cp.» 1з taken at an average 
between T. ; and Ту: 


3 [0.283 (2000 — 7, ,)]— 0.075 [945 4- 1.0(250— 100) + 


0.52 (T, 2—250)] 
I <= 1830° F 


Further determinations will not appreciably affect the 
value of 7, in this case because the changes in specific 
heats are small. The calculation of Т, , is then 


MEN. ioi Lom 


Tre 

The ordinate of figure 13(a) is then calculated with this 

value for average gas temperature Т, and with the physical 
properties of air at this temperature 


_ (1.0) (15.0 10-5) (1915—250) (3.38105) __ 


(1/3) (1095) „283.1 


From figure 13(a), W./*D=0.066 pound per second рег о 


foot and 17,=0.066 < я/3=0.069 pound per second. Fur- 
ther calculations do not improve the determination appreci- 
ably; therefore a coolant flow of 0.069 pound per second i is 
the requirement. 
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TABLE I—PROPERTIES OF LIQUIDS FOR FLOW EXPERI- TABLE III—LOCATION OF THERMOCOUPLES ON 2-INCH- | І 
MENTS * DIAMETER. FILM-COOLED TUBE 


P = 


[ 









c——— н 9 


Horizontal center 
line of tube 


4 





a Water, reference 19; water and detergent, measured; water and glycol, reference 20. 


TABLE II—LOCATION OF THERMOCOUPLES ON +4-INCH- End view of tube in downstream direction showing circumferentizl positions of thermocouple 


DIAMETER FILM-COOLED TUBES | Lis 
| Cireumfer- | Location of ihermocouples— | | 


ential posi- distance downstream of cane, 
tion coolant Injection, In. 5. 





Horizontal center 


line of tube | 
a Thermocouples located at I-In. Intervals In this 


TH mocouples located at tin. intervals in this 
range. 
TABLE IV—EFFECT OF AIR-MASS VELOCITY, TUBE 


MATERIAL, AND TUBE DIAMETER ON LIQUID-FLOW 
TRANSITION REGION 





[Liquid, water; air temperature, 80° Е; Reynolds number, 4.1X105 to 28.6X 109] 





Liquid-flow t Шо в 
Ша зуд 





Air-mass velocity 
СЫ (кее) (за ft)) 












I 3 to 25%, 29, 33, 37, 41, 45 
2 5, 9, 13, I7, 21, 25, 29, 45 
} 3 5, 9, 13, 17, 21, 25, 29, 33, 37, 41, 45 
4 5, 9, 13, 17, 21, 25, 29, 45 
i 5 AA T dde 
| 8 5, 9, 13, 17, 21, 25, 29, 15 
| T 5, 9, 15, 17, 21, 25, 29, 33, 37, 41, 45 
8 5, 9, 13, 17, 21, 25, 29, 15 
a Thermocouples located at 1-in. intervals in this range. a From visual observations. 


TABLE Y—EFFECT OF LIQUID SURFACE TENSION ON 
LIQUID-FLOW TRANSITION REGION 


[Pyrex tube diameter, 4 In.; alr-mass velocity, 44.5 Ib/(sec) (sq ft); air temperature, 80° F] 





Liquid (percent by | Absolute viscosity | Surface tension at uid-flow tran- - Е" 
we tergent In at 80° F So? F region® ; 
water) (dynes/cm) (Ib (gee) dt) 





| 
| 


га 5 | z From visual observations. 
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